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Why interferometry? 

The Square Kilometre Array: the telescope and the project 

SKA pathfinders and precursors: the golden age of radio astronomy 

On-going and future radio surveys: the full sky at high-sensitivity          

A science case: galaxy clusters at radio wavelengths

Overview of the talk



The Square Kilometre Array (SKA): 
the largest radio interferometer
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The Square Kilometre Array (SKA)

~250 x 60m 
MID Frequency Aperture Arrays 

~2500 x 15m dishes ~2-3 millions antennas 
LOW Frequency Aperture Arrays 

A collecting area of 1 km2


Observing from 50 MHz 
to ≥14 GHz


Sub-arcsec angular 
resolution            


FoV of several deg2
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The precursors

• Location: Australia 
• Max baseline: 3 km 
• Frequency coverage: 80 - 300 MHz 
• Number of stations: 128 
• Antennas per station: 16  
• Fully operational since 2012

MWA

• Location: South Africa 
• Max baseline: 8 km 
• Frequency coverage: 0.5 - 10 GHz 
• Number of antennas: 64 
• Diameter of antennas: 13.5 m  
• Fully operational from 2017

MeerKAT

• Location: Australia 
• Max baseline: 6 km 
• Frequency coverage: 0.7 - 8 GHz 
• Number of antennas: 36 
• Diameter of antennas: 12 m  
• Fully operational from 2016

ASKAP



SKA members & governance

• UK Company Limited by Guarantee 
• Expedient solution to enable SKA project to proceed; long-term governance 

structure under review – studying establishing a treaty organisation



The SKA Headquarters

Castello Carrese 
Padova (Italy)

Jodrell Bank 
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2 sites (South Africa, Australia); 
3 telescopes; one Observatory 
Frequency range SKA1: 50 MHz – 14 GHz 

Cost-cap: €650M 
Construction: 2017 – 2023 
Early science: 2020 
Phase 2 SKA: 2023 - 2030

SKA-Mid: ~ 190 15m dishes + MeerKAT, RSA

SKA-Low: ~ 260,000 low-freq dipoles, AUS SKA-Survey: ~ 60 15m dishes + ASKAP, AUS

SKA Phase 1

Courtesy: Phil Diamond



Re-baselining (I)

SKA-Low: 50% of the 260,000 low-freq dipoles, AUS SKA-Mid: 70 % of the 190 15m dishes + MeerKAT, RSA

Max baseline: 150 km 
Frequency coverage: 0.350 - 1.8 GHz & 4.6 - 13.8 GHz 

Max baseline: 80 km 
Frequency coverage: 50 - 350 MHz 



Re-baselining (II)

ASKAP: 36 12m dishes, AUS

Max baseline: 6 km 
Frequency coverage: 0.700 - 1.8 GHz  

FoV: 30 square degree@1.4 GHzPAF = Phased Array Feed
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Processing 
Challenge



SKA 
Processing 
Challenge



Preparation process to the SKA 
SKA Work Packages

Assembly, Integration and Verification (AIV)


Central Signal Processor (CSP) 


Dish (DSH)


Infrastructure Australia & Africa (INFRA AU/SA)


Low-Frequency Aperture Array (LFAA)


Mid-Frequency Aperture Array (MFAA) 


Signal and Data Transport (SaDT)


Signal Data Processor (SDP)


Telescope Manager (TM)


Wideband Single Pixel Feeds (WBSPF)



Not only precursors: 
the SKA pathfinders

Precursor facility:           
A telescope on one of the 
two candidate sites


Pathfinder:                       
SKA-related technology, 
science and operations 
activity

LOFAR (Europe) NenuFAR (France)

JVLA (U.S.)

GMRT (India) APERTIF (NL)
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New !

Old !

LOFAR = Software Telescope



The field of view (FoV)

Old !

New !



LOFAR FoV (primary beam)

Stappers et al. 2011
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Stappers et al. 2011



LOFAR station
LOFAR station in Nançay

LOFAR Superterp 
(The Netherlands)



LOFAR Superterp 
(The Netherlands)



LOFAR ≡ software telescope

LOFAR Superterp 
(The Netherlands)



Multiple, simultaneous pointings 
Rapid response and repointing                 Courtesy:  

EMBRACE team (© M. Kramer)



Intema et al. 2009

Direction Dependent Effects (DDE)

Ionosphere → 

Random fluctuations of the refractive 
index → 

Distorsions of the original wave front 

ν1

ν2

ν1

ν1 << ν2



D = distance between antennae

d = size of antennae

Intema et al. 2009

Field of View ∝ (ν d)-1 

Angular resolution ∝ (ν D)-1

Direction Dependent Effects (DDE)

Ionosphere → 

Random fluctuations of the refractive 
index → 

Distorsions of the original wave front 

ν1
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Direction & time dependent effects
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A wide frequency coverage
LOFAR 
Europe 
30-80 MHz + 
110-240 MHz

APERTIF 
The Netherlands 
1000 - 1750 MHz

ASKAP 
Australia 
700 - 1800 MHz

MeerKAT 
South Africa 
1000 - 1750 MHz

MWA 
Australia 
80 - 300 MHz

SKA 
Australia / South Africa 
~ 50 MHz - 15 GHz



Preparation process to the SKA 
SKA Science Working Groups

Courtesy: Phil Diamond

Epoch of Reionisation & the Cosmic Dawn


Galaxy Evolution – HI 


Galaxy Evolution – Continuum 


Cosmic Magnetism


Cosmology


Transients


Pulsars (“Strong field tests of gravity”)


Astrobiology (“The Cradle of Life”)



Preparation process to the SKA 
SKA Science Working Groups

Epoch of Reionisation & the Cosmic Dawn 

Galaxy Evolution – HI  

Galaxy Evolution – Continuum 


Cosmic Magnetism


Cosmology


Transients


Pulsars (“Strong field tests of gravity”)


Astrobiology (“The Cradle of Life”)



Image courtesy: Bryan Christie Design 

�
obs

= �21 cm ⇥ (1 + z)
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Hercules A radio galaxy

Optical + Radio
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Preparation process to the SKA 
SKA Science Working Groups

Epoch of Reionisation & the Cosmic Dawn


Galaxy Evolution – HI 


Galaxy Evolution – Continuum  

Cosmic Magnetism 

Cosmology


Transients
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Astrobiology (“The Cradle of Life”)



A Golden Age for Radioastronomy: 
SKA Precursors and pathfinders

LOFAR 
Europe 
30-80 MHz + 
110-240 MHz

APERTIF 
The Netherlands 
1000 - 1750 MHz

ASKAP 
Australia 
700 - 1800 MHz

MeerKAT 
South Africa 
1000 - 1750 MHz

MWA 
Australia 
80 - 300 MHz

SKA 
Australia / South Africa 
~ 50 MHz - 15 GHz

+ JVLA 

LWA 

eMERLIN 

eEVN 

...



A Golden Age for Radioastronomy: 
SKA Precursors and pathfinders

LOFAR 
Europe 
30-80 MHz + 
110-240 MHz

APERTIF 
The Netherlands 
1000 - 1750 MHz

ASKAP 
Australia 
700 - 1800 MHz

MeerKAT 
South Africa 
1000 - 1750 MHz

MWA 
Australia 
80 - 300 MHz

Key Project “Surveys” 

Key Project “Magnetism”

WODAN 

BEOWULF & FRIGG

EMU 

POSSUM

MIGHTEE 

(Continuum & Polarization)

GLEAM 

(Continuum & Polarization)

SKA 
Australia / South Africa 
~ 50 MHz - 15 GHz

W.G. Continuum Surveys 

W.G. Cosmic Magnetism

+ JVLA 

LWA 

eMERLIN 

eEVN 

...



Summary plot for radio surveys (I)

Prandoni & Seymour 
AASKA14 

• SFR~10 MSun/yr: z~0.5 (Wide), 
z~2 (Deep), z~4 (Ultra-Deep)


• Complementary morphology & 
cinematic of HI up to z~0.8-1 


• Bulk of AGN population down to 
L~1022 W/Hz, z~0.5 (Wide), z~2 
(Deep), z~4 (Ultra Deep)


• 0.5'' resolution at ~1 GHz            
(i.e. Euclid~0.2” & LSST~0.7")




Summary plot for radio surveys (I)

Prandoni & Seymour 
AASKA14 

Pre-2010

Pre-SKA

SKA
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Summary plot for radio surveys (II)

Tingayy+ 13 



Summary plot for radio surveys (II)

Tingayy+ 13 



The MSSS tea  team
Björn Adebahr, Mike Bell, Laura Bîrzan, Annalisa Bonafede, Justin Bray, Rene Breton,


Jess Broderick, Ger de Bruyn, Therese Cantwell, Dario Carbone, Patti Carroll, Yvette Cendes,

Alex Clarke, Judith Croston, Soobash Daiboo, Francesco De Gasperin, Emilio Enriquez,


Richard Fallows, Chiara Ferrari, Jon Gregson, Martin Hardcastle, Jeremy Harwood, Tom Hassall,

Volker Heesen, Andreas Horneffer, Alexander van der Horst, Marco Iacobelli, Vibor Jelic,


David Jones, Wojciech Jurusik, Georgi Kokotanekov, Giulia Macario, Poppy Martin,

Carlos Martinez, John McKean, Leah Morabito, David Mulcahy, Ronald Nijboer,


Błażej Nikiel-Wroczyński, Andre Offringa, Emanuela Orrú, V.N. Pandey, Gosia Pietka,

Roberto Pizzo, Mamta Pommier, Peeyush Prasad, Luke Pratley, Chris Riseley, Huub Röttgering,


Antonia Rowlinson, Pepe Sabater, Anna Scaife, Bart Scheers, Kati Sendlinger, 

Aleksandar Shulevski, Charlotte Sobey, Carlos Sotomayor, Adam Stewart, Andra Stroe,


John Swinbank, Cyril Tasse, Bas van der Tol, Jonas Trüstedt, Sander ter Veen, Sjoert van Velzen,

Reinout van Weeren, Wendy Williams, Michael Wise

M*S*S*S MULTIFREQUENCY SNAPSHOT SKY SURVEY



Frequency: 30-75 MHz 
Resolution: ≤100 arcsec 
Sensitivity: ≤15 mJy/beam 
Area: 20,000 square degrees 
Simultaneous beams: 5 (~10º) 

Number of Fields: 660

Frequency: 115-180 MHz 
Resolution: ≤120 arcsec 
Sensitivity: ≤5 mJy/beam 
Area: 20,000 square degrees 
Simultaneous beams: 6 (~4º) 
Number of Fields: 3616

MSSS:  
LOFAR’s first imaging survey 

MSSS-LBA MSSS-HBA
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Frequency: 115-180 MHz 
Resolution: ≤120 arcsec 
Sensitivity: ≤5 mJy/beam 
Area: 20,000 square degrees 
Simultaneous beams: 6 (~4º) 
Number of Fields: 3616

MSSS:  
LOFAR’s first imaging survey 

Goals: obtain broadband sky model & shakedown LOFAR operations 

MSSS-LBA MSSS-HBA



MSSS expects to catalog 150,000 - 200,000 sources



early MSSS-HBA mosaic (1)



early MSSS-HBA mosaic (1)
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Importance of low frequency 
observations

Steepening
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early MSSS-HBA mosaic (2)



early MSSS-HBA mosaic (2)

6 Pizzo and de Bruyn: Radio spectral study of the cluster of galaxies Abell 2255

Fig. 3. Grey scale images of A2255 at 25 cm (top left panel), 85 cm (top right panel), and 2 m (bottom panel). All images cover the
same area of the sky. The resolutions are 14 ′′× 15 ′′ (25 cm), 54 ′′× 64 ′′ (at 85 cm) and 163 ′′× 181 ′′ (at 2 m). The maps are not
corrected for the primary beam.

for the final 2 m, 85 cm, and 25 cm full resolution maps. Because
the classical confusion noise will be attenuated by the primary
beam, the observed noise decreases from the center to the edges
of the field, where it approaches the thermal noise level. This
trend, more clear in the low-frequency maps, is a problem when
trying to assess the significance of the central extended features
in the contour maps. In principle, we should consider as detec-
tion limit the noise observed at the center of the field and plot the
contours starting from, for example, 3 times this value. However,
it is worth noting that in this area we are confusion limited (this is
a situation similar to that found in deep optical images of galax-
ies, where the central fluctuations are often dominated by the
large number of stars within a resolution element). Therefore, in
order to show the significance of the features in our final contour
maps, we start plotting the contours from 3 times the noise ob-
served at the edge of the fully imaged field. To assess the signif-

icance of the detected structures with respect to the background
fluctuations, we advice the reader to compare the contour maps
at 25 cm, 85 cm, and 2 m with their grey scale version in Fig. 3.

2.8. Flux measurement uncertainties

Because of the errors present in the final images, the flux and
spectral index estimates are affected by uncertainties. The error
associated with the flux depends on:

– the observed noise in the final maps (σobs);
– the error due to the negative bowl, which arises around the
extended structures because of the missing short spacings
(σbowl). This severely affects the non full resolution maps
only (see Sect 2.9). In our case, its value was estimated by

Pizzo+ 09

The galaxy cluster Abell 2255 @ 25 cm 
(WSRT)



Optical: NASA/STScI, ESO/VLT, SDSS

Clusters of galaxies



Optical: NASA/STScI, ESO/VLT, SDSS X-ray: NASA/CXC/Caltech/A.Newman et al/Tel 
Aviv/A.Morandi & M.Limousin

Clusters of galaxies
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Malta, 24/09/2014 COSMO in the MED Chiara Ferrari

Optical + X-rays



The “Bullet Cluster”

Galaxies



The “Bullet Cluster”

Hot gas

Galaxies



The “Bullet Cluster”

Hot gas

Galaxies

Dark matter



The “Bullet Cluster”



Galaxy cluster formation



Bonafede et al. 2014

Spectacular radio emission from galaxy clusters

Optical + X-rays + Radio Radio



→ Detected in less than 10% of known clusters (=“radio loud”)

Diffuse radio emission in clusters

The Coma cluster observed at 352 MHz with WSRT  

Brown & Rudnick 11
The Coma cluster observed by XMM  

Neumann+ 01



→ The difference between “radio-quiet” and “radio-loud” clusters 
appears to be in their relativistic electron population

Magnetic fields: 
ubiquitous in galaxy clusters

same properties regardless of 
the presence of diffuse radio 
emission


(e.g. Bonafede+ 11)

Intra-cluster magnetic fields



Internal processes

CRs accelerated inside cluster galaxies and 

then injected 
- SNae driven galactic winds

- AGNs

External processes

CRs acceleration driven by the assembly of clusters 

- accretion shocks (M ~ 103)

- merging shocks (M ~ 3-10)

- ICM turbulence

Courtesy: Vazza

Primary cosmic rays

protons (CRPs) & electrons (CREs)

Shull 09 Courtesy: Koekemoer

Intra-cluster primary cosmic rays



The lifetime of cosmic-rays in clusters 

depends on diffusion and energy 
losses time scales 


• Time scales for proton energy losses


• Time scales for electron energy 
losses


Adapted from: 
Blasi+ 07

Lifetime of intra-cluster  
cosmic rays



A2163: radio halo

Feretti+ 01

≥ 1 Mpc (∼3 ×1022 m)

→ Spatially distributed acceleration of primary electrons through 
shocks and turbulence associated to cluster mergers

Origin of radio emitting relativistic 
electrons ?

Dimensions: ~ 1 Mpc


Crossing time of e-: ~9.5 Gyr 


Life time of e-: ~ 0.1 Gyr 

(e.g. Ferrari+ 08)



Which clusters host Mpc-scale 
radio sources?

Russell+ 11Cluster mergers

↓


ICM shocks and 
turbulence


↓

Cosmic-ray 
acceleration



Russell+ 11

Which clusters host Mpc-scale 
radio sources?



Giovannini+ 11

Which clusters host Mpc-scale 
radio sources?



Importance of low frequency 
observations

Steepening

⌧ ⇡ 2⇥ 103��1

"
(1 + z)4 +

✓
B

3.3µG

◆2
#�1

Gyr . 0.1 Gyr

⌫ = 4.2 �2

✓
B

1 µG

◆
(1 + z)�1 Hz

Radiative lifetime of relativistic electrons :

Peak frequency of synchrotron emission :

S⌫ / ⌫↵



Galaxy clusters & MSSS

Vacca+ 10

Abell 66
5

van Weeren+ 12

Abell 225
6

Feretti+ 97

Abell 23
19



MSSS sensitivity

Heald et al.: LOFAR MSSS

Table 4. Nominal MSSS parameters and comparison with other surveys

Survey Frequency Sensitivity Resolution Area
MSSS-LBA 30 � 78 MHz . 50 mJy beam�1 . 15000 20,000 ⇤� (� > 0�)
8C 38 MHz 200 � 300 mJy beam�1 4.50 ⇥ 4.50 csc(�) 3,000 ⇤� (� > +60�)
VLSS 74 MHz 100 mJy beam�1 8000 30,000 ⇤� (� > �30�)
MSSS-HBA 120 � 170 MHz . 10 � 15 mJy beam�1 . 12000 20,000 ⇤� (� > 0�)
7C 151 MHz 20 mJy beam�1 7000 ⇥ 7000 csc(�) 5,500 ⇤� (irregular coverage)
TGSS 140 � 156 MHz 7 � 9 mJy beam�1 2000 32,000 ⇤� (� > �30�)
WENSS 330 MHz 3.6 mJy beam�1 5400 ⇥ 5400 csc(�) 10,000 ⇤� (� > +30�)
NVSS 1400 MHz 0.45 mJy beam�1 4500 35,000 ⇤� (� > �40�)

Note. Sensitivity and resolution values for the MSSS survey components are upper limits corresponding to images produced with baselines

shorter than 3 k�. Longer baselines are included in the observations as a matter of course, enabling re-processing toward the production of an

updated, higher angular resolution catalog.

Fig. 17. Comparisons between MSSS sensitivities (left) and resolutions (right) with those of other existing radio surveys as summarized in Table 4.
In the lefthand panel, dashed lines indicate representative spectral indices of ↵ = �0.7 and ↵ = �1.4. The solid black lines illustrate the frequency
dependence of the sensitivity in the 8 bands in each of the LBA and HBA survey segments, while the black stars show the frequency-averaged
sensitivity demonstrated in § 5. In the righthand panel, the downward-pointing arrows indicate that the angular resolution of the initial MSSS
catalog is limited with respect to the capabilities of the visibility data. Processing the full array will improve the survey performance.

et al. 2011, for a description of the beamformed pulsar observing
method). In imaging observations, the total flux density from the
pulsar will still be visible, permitting study of the low-frequency
spectral behavior of such objects.

6.3. Magnetism

A magnetism working group is planning to perform RM
Synthesis (Brentjens & de Bruyn 2005) on MSSS data in or-
der to search for polarized sources, primarily Galactic (pulsars
and di↵use foreground emission; see Jelić et al. 2014), but with
hopes of detecting polarized AGN (e.g., Mulcahy et al. 2014) as
well.

A polarization survey based on MSSS data will be uniquely
powerful at these frequencies; with the full achievable angular
resolution and sensitivity over the entire survey area, it will help
greatly in furthering our understanding of polarization at low fre-
quencies. The HBA component of MSSS provides an excellent
Faraday resolution of ⇡ 1.3 rad m�2 and a maximum Faraday
Depth of approximately 330 rad m�2. The Rotation Measure
Spread Function (RMSF), which displays the response to simple
polarized sources using all 8 HBA bands together from MSSS,
can be seen in Figure 19. Initial tests of the polarization recov-
erable through MSSS have already been performed. Polarized

Galactic foreground emission from the Fan region has been de-
tected, matching structures seen in previous observations with
WSRT (e.g., Iacobelli et al. 2013). In addition to this, the highly
polarized pulsar PSR J0218+4232 with a known Faraday depth
of �61 rad m�2 (Navarro et al. 1995) was detected at the correct
Faraday depth after correction for ionospheric Faraday rotation
(Sotomayor-Beltran et al. 2013). This demonstrates that an ac-
curate polarization survey of the Galactic foreground and extra
galactic background sources is feasible with MSSS-HBA. This
e↵ort will be presented in a future paper.

6.4. Individual extragalactic and Galactic targets

The key unique aspect of MSSS is its intrinsic broadband nature
that enables study of the spectral properties in various classes
of sources. The primary sources of interest include galaxy clus-
ters, star-forming galaxies, AGN, and supernovae, among others.
Several working groups have been formed to investigate pre-
liminary samples of targets and determine their low frequency
spectra. Particular scientific questions to be addressed include
the spectral properties of galaxy cluster halos and the search
for previously unknown di↵use emission; the spectral behav-
ior of nearby star-forming galaxies and the prevalence of spec-
tral turnovers at low frequencies; characterization of giant radio

18

HBA

LBA

α=-0.7

α=-1

Heald+ submitted



LOFAR Key Project Surveys                                    


Large Area Survey (Tier 1)  

2π ster. @ 15, 30, 60, 120 MHz 

783 deg2@ 200 MHz 

→ 100 galaxy clusters @ z > 0.6 

→ 200 radio-galaxies @ z > 7


Deep Area Survey (Tier 2) 

Several hundreds deg2 @ 30, 60, 120, 200 MHz 

→ SFR ≥ 10 MSun/yr  @ z = 0.5 

→ SFR ≥ 100 MSun/yr  @ z = 2.5 

Ultra-Deep Area Survey (Tier 3) 

~70 deg2 @ 150 MHz 

→ 20 proto-clusters  @ z > 2

Courtesy: H. Röttgering



On-going LOFAR Surveys  
LOFAR Cycles 0-1

Courtesy: H. Röttgering & LOFAR Surveys KP

Images by R. van Weeren  
(Toothbrush Galaxy Cluster)

Full resolution (5x7 arcsec), 140-160 MHz

close to thermal noise (190-250 microJy/beam)


Only 30% of available bandwidth !



On-going LOFAR Surveys  
LOFAR Cycles 0-1

Courtesy: A. Bonafede for the LOFAR galaxy cluster group

1.0 σ

2.5 σ

5.0 σ

10.0 σ

15.0 σ

Cassano+ 10

Annalisa Bonafede CNRS  17/03 7

First LOFAR observations of galaxy clustersFirst LOFAR observations of galaxy clusters

The Coma cluster - Cycle 0 observations 

Bonafede & LOFAR survey key science project

Image at 135 MHz, 16 MHz band, Beam ~30” rms 0.6 mJy/beam

Preliminary Results:Preliminary Results:

 Halo ~1.07 deg - 1.8 Mpc

 1st Bridge

 Relic ~800 kpc

 2nd bridge

 Radio emission over 2 deg 

(B over more than 3 Mpc)



Radio galaxies + 

Radio halo (P1.4 GHz ~ 1 × 1024 W/Hz)


@ z ≥ 0.5

Revisiting scaling relations for giant radio halos in galaxy clusters 9

Figure 2. Left Panel. Distribution of clusters in the P1.4 � L500 plane. Right Panel. Distribution of clusters in P1.4 � L500,cor plane.
In both panels di�erent symbols indicate: halos belonging to the EGRHS (blue filled dots); halos from the literature (black open dots);
halos with very steep spectra (USSRH, green asterisks); A1995 and Bullet cluster (blue stars); cool core clusters belonging to the EGRHS
(magenta arrows). Best-fit relations to giant RHs only (black lines) and to all RHs (including USSRH, green dashed lines) are reported.
The 95% confidence regions of the best-fit relations obtained for giant RHs only are also reported (shadowed regions).

It is well known that the radio luminosity of halos at
1.4 GHz scales with the X-ray luminosity of the host-
ing clusters (e.g., Liang et al. 2000; Feretti 2000, 2003;
Enßlin & Röttgering 2002; Cassano et al. 2006; Brunetti
et al. 2009; Giovannini et al. 2009). This correlation has
been used to claim that a correlation should exist also
between the radio power and the virial mass of the host
cluster (e.g., Cassano et al. 2006). Deep upper limits to
the radio flux density of clusters with no RH emission at
610 MHz, which were a factor of ⇤ 3÷20 below the corre-
lation, were obtained from the GRHS and its extensions

allowing to validate the correlation itself and to discover
the radio bimodality (e.g., Brunetti et al. 2007).
In previous papers, the distribution of galaxy clusters

in the radio-X-ray luminosity diagram, and the scaling
relation between the two quantities, were based on non-
homogeneous radio and X-ray measurements. In particu-
lar, the radio luminosities of halos were collected from the
literature and X-ray luminosities were taken from RASS-
based cluster catalogues. Here we recomputed the radio
flux densities of well known RHs by reanalyzing observa-
tions from the archives (as outlined in Sect.3.1). For all
clusters we computed the 0.1-2.4 keV X-ray luminosities
within R500 from pointed ROSAT and Chandra observa-
tions (see Sect.3.2).
In Fig. 2, (left panel) we show the distribution of clus-

ters in the P1.4 � L500 diagram. We report with di�er-
ent colors clusters belonging to the EGRHS (blue points
and blue and magenta arrows) and halos from the litera-
ture (black points). This is necessary, since the compar-
ison between RH powers and upper limits makes sense
only for those clusters observed within the same redshift
range, and this is possible only for clusters belonging to

s Previous attempts to compare upper limits and the correlation
can be found in Dolag (2006).

the EGRHS. Halos from the literature follow the same
distribution of halos from the EGRHS, and thus we use
them to draw the correlation. RH clusters appear to
follow a well-defined correlation between the halo radio
power and L500. Being steeper than other halos, ultra-
steep spectrum RH (green asterisks) are in general under-
luminous with respect to this correlation. We remind
that the position of USSRH in the P1.4 � L500 diagram
cannot be compared with that of the upper limits as the
latter were scaled at 1.4 GHz using � = 1.3. We find a
bimodal distribution of clusters with the presence of two
distinct populations, that of radio-halo clusters and that
of radio-quiet clusters. For values of L500 >⇤ 5⇥1044erg/s,
clusters with upper limits to the radio power (blue and
magenta arrows) are all located below the 95% confidence
region of the correlation.
As the EGRHS is based on X-ray-selected clusters, one

may suspect that the bimodality could be caused by the
presence of cool-core clusters, which are brighter in X-ray
and do not host giant radio-halos. With the idea to test
the bimodality against the presence of cool-core clusters
in the EGRHS, we derive the distribution of clusters in
the P1.4 � L500,cor diagram (Fig. 2, right panel).
We highlight the position of cool-core clusters (identified
as outlined in Sect.3.3, magenta arrows in Figs. 2). As
expected, the X-ray luminosity of cool-core clusters is
significantly reduced going from L500 to L500,cor.
However, the bimodal behavior in the halo radio power

remains also in the P1.4 � L500,cor diagram. Also in this
case, if we restrict to clusters with L500,cor >⇤ 5 ⇥ 1044

erg/sec, upper limits are all below the 95% confidence
region of the correlation. We may thus conclude that
the observed radio bimodality is not driven by the pres-
ence of cool-core clusters without di�use radio emission
in the EGRHS. We fit the observed P1.4 � L500 and
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Fig. 5 Distribution of known
clusters with radio halos as a
function of redshift

4.1 Spectra of radio halos

4.1.1 Integrated spectrum

The integrated radio spectra of halo sources are still poorly known. The difficulty of
spectral studies are that (i) only in a few cases the spectrum is obtained with more
than three flux density measurements at different frequencies, (ii) for most sources
the highest available frequency is 1.4 GHz, therefore it is difficult to determine the
presence of a spectral steepening, crucial to discriminate between different reaccel-
eration models.

Spectral data available on the objects of the September2011-Halo collection are
reported in Table 2, where we arrange the information according to the number of
available frequency measurements. Halos always show a steep spectrum (α ! 1).1

The best studied integrated spectrum is that of the Coma cluster where clear evidence
of a high frequency steepening is present (see Thierbach et al. 2003 for a detailed
discussion). Indications of high frequency spectral steepening are reported in 4 more
cases. A very steep spectrum is shown by the radio halo in A1914 (Bacchi et al.
2003) where nine different points show a straight spectrum with α = 1.88, although
a possible high frequency curvature has been suggested (Komissarov and Gubanov
1994).

Halo spectra are typical of aged radio sources (see Sect. 2). In general, it is es-
timated that the radiative lifetime of relativistic electrons from synchrotron and in-
verse Compton energy losses is of the order of ∼108 yr (Sarazin 1999). Since the
expected diffusion velocity of the electron population is of the order of the Alfvén
speed (∼100 km s−1), the radiative electron lifetime is too short to allow the particle

1S(ν) ∝ ν−α is assumed throughout the paper.
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MORESANE algorithm :

new deconvolution method based on sparse representations developed @ OCA, Nice (FR) 
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Exciting science expected with SKA and its pathfinders / precursors 

SKA: all-science instruments releasing reduced data 

Challenging instruments          

The community is widening

Conclusions
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